Echinoderms are the sister group of the chordates and hemichordates within the deuterostomes. They lack a notochord or any structures obviously homologous with it. To gain insight into developmental mechanisms important in the origin and early evolution of chordates, we investigated sea urchin homolognes of chordate genes that are implicated in notochord formation, viz. Brachyury and HNF-3fl. Here we report the pattern of expression of a sea urchin orthologne offorkhead, Hphnf3 which is present as a single copy per haploid genome. An Hphnf3 transcript of 3.0 kb was first detected at the swimming blastula stage, accumulated maximally at the gastrula and prism-embryo stages, and decreased at the pluteus-larva stage. In situ hybridization signals were found in cells of the vegetal plate of the swimming blastula. During gastrulation, intense staining was evident in the cells surrounding the blastopore, whereas weak staining was detected in the invaginating archenteron. At the prism-embryo stage, the entire archenteron stained intensely; then, at pluteus stage, the larva staining decreased in intensity. Theforkhead and Brachyury genes begin to be expressed almost simultaneously in sea urchin embryos, in the vegetal plate at the late blastula stage. After the onset of gastrulation, however, Hphnf3 is expressed in the posterior part of the archenteron, whereas the Brachyury orthologue, HpTa, is expressed in the secondary mesenchyme founder cells, which occupy the anterior tip of archenteron. Hphnf3 may contribute to specification of embryonic cells as archenteron, and the role of HpTa may be directed towards specification of mesodermal founder cells. Except for the basal character of expression in endoderm and endomesoderm, these transcription factors are clearly utilized differently in chordates.
Introduction
Chordates (urochordates, cephalochordates and vertebrates) are categorized as deuterostomes, together with two other major invertebrate groups, echinoderms and hemichordates (e.g. Brusca and Brusca, 1990) . Recent molecular (Turbeville et al., 1994; Wada and Satoh, 1994) as well as morphological (Nielsen, 1995; Peterson, 1995) analyses support a monophyletic Deuterostomia. Shared characters specific to the chordates include a dorsal locomotory tail, an endostyle, and a notochord not permanently attached to the gut (Peterson, 1995) . The prominence of the notochord as a key taxonomic character is reflected in the name 'Chordata,' which is derived from this organ. Molecular mechanisms underlying the gion being the notochord (Chesley, 1935) . Orthologues of the mouse Brachyury gene have been isolated from chick (Kispert et al., 1995) , Xenopus (Smith et al., 1991) , zebrafish (Sculte-Merker et al., 1992) , amphioxus (Holland et al., 1995; Terazawa and Satoh, 1995) , ascidians Satoh, 1993, 1994) , sea urchin (Harada et al., 1995) and Drosophila . The single-copy Brachyury gene appears to have been independently duplicated within the amphioxus lineage and thus there are two copies (paralogs) AmBral and AmBra2 (Holland et al., 1995) . In zebrafish, the no tail (ntl) mutant phenotype is caused by a mutation in the Brachyury gene. ntl mutant embryos resemble mouse T/T mutant embryos in that they lack a differentiated notochord (Schulte-Merker et al., 1994) . In ascidians, the Brachyury gene (As-T) is expressed exclusively in blastomeres of notochord lineage, and the timing of initiation of As-T transcription coincides with restriction of developmental fate Satoh, 1993, 1994) . The emerging consensus is that Brachyury controls the differentiation and fate of notochordal cells (Holland et al., 1995) .
Mouse HNF-3/Y is a member of forkhead/HNF-3 transcriptional factor family (Lai et al., 1991; Sasaki and Hogan, 1993) . This gene is expressed in the node, notochord, floor plate and gut of the embryo (Sasaki and Hogan, 1993) . A gene knockout study in mice revealed that HNF-3/Cgene plays a crucial role in the formation of node and notochord (Ang and Rossant, 1994; Weinstein et al., 1994) . In addition, ectopic expression of HNF-3/¢ mimics the inductive activity of notochord, which induces floor plate and motor neuron differentiation via secreted signaling molecules (Sasaki and Hogan, 1994) . Xenopus Pintallavis seems to have a similar role in early development with misexpression inducing ectopic floor plate differentiation within the neural tube in the frog embryo (Ruiz i Altaba et al., 1993a) . Furthermore, it has been shown that works synergistically with Brachyury. Although injection of neither nor Brachyury (Xbra, ntl) mRNA can individually induce notochord differentiation in Xenopus animal cap cells, notochord formation is induced if mRNAs of both genes are co-injected (O'Reilly et al., 1995) .
We are interested in sea urchin homologues of chordate genes that are associated with notochord formation, since sea urchins lack any obvious homologue of the notochord. In a previous study, Harada et al. (1995) (Sasaki and Hogan, 1993; Kaufmann and Kn~Schel, 1996 ; cf. Fig. 3 ). We isolated a sea urchin forkhead-related gene, named Hphnf3, the sequence of which resembled Drosophila forkhead and vertebrate HNF-3~. Zygotic expression of Hphnf3 commenced at the late blastula stage and became maximal at the gastrula stage. Hphnf3 transcripts were first found in the vegetal plate region, then in the archenteron. This expression pattern was compared with that of the sea urchin Brachyury gene, which is expressed in the secondary mesenchyme founder cells. We conclude by discussing the possible evolutionary mechanisms behind the origin of the notochord.
Results

The sea urchin orthologue of forkhead
Theforkhead domain is a DNA-binding motif found in various organisms. We designed degenerate oligonucleotide primers corresponding to the most commonly shared sequence, especially of the class I forkhead-related genes as categorized by Sasaki and Hogan (1993) . Fragments from Hemicentrotus pulcherrimus gastrula cDNA were thus amplified by the PCR method, and subcloned into pBluescript II SK(+). Sequencing revealed that an amplified fragment containing a forkhead motif belongs to the class I of the forkhead/HNF-3 genes (data not shown). We then screened 1.0 x 105 pfu of an H. pulcherrimus gastrula cDNA library using the random-labeled fragment as a probe. Two overlapping cDNA clones were recovered which include almost the whole full-length sequence of the gene transcript. The gene was named Hphnf3 (Hemicentrotus pulcherrimus HNF3).
The composite sequence of the two clones is shown in Fig. 1 . It consists of 2916 nucleotides; RNA gel blot hybridization indicated that the Hphnf3 transcript is about 3.0 kb (see Fig. 5 ). The sequence contains a single open reading frame of 1143 bases, extending from nucleotides 335 to 1477 (Fig. 1) , which predicts a polypeptide of 381 amino acids. The calculated relative molecular mass (Mr) of the protein was 42 × 103 kDa. A putative polyadenylation signal was found at position 2875. Fig. 2 shows a comparison of the amino acid sequence of the Hphnf3 with that of the mouse HNF-3/¢ (Kaestner et al., 1994) , Xenopus HNF-3/Y (Ruiz i Altaba et al., 1993b) , zebrafish Axial (Strahle et al., 1993) and Drosophila forkhead (Weigel et al., 1989) genes. The overall degree of amino acid identity was not very high: 52% between sea urchin and mouse; 41% between sea urchin and Drosophila. However, within the forkhead domain shown in this figure, the extent of amino acid identity was 95% between sea urchin and mouse, sea urchin and frog, sea urchin and zebrafish, or sea urchin and Drosophila. NPTRMLTLSEIYQFIMDLFPFYRQNQQRWQNSIRHSLSFNDCFVKIPRTPDKPGKGSFWTLHPDSGNMFENGCYL * * *** *** ***************************** * ** ** ************ ********** (Kaestner et al., 1994) , Xenopus HNF-3,ff (Ruiz i Altaba et al., 1993b) , the zebrafish Axial (Strahle et al., 1993) , and Drosophila forkhead (Weigel et al., 1989 Sasaki and Hogan (1993) . Although classes I, IV and III ate monophyletic, class II groups with other non-classforkheadrelated genes. The grouping of Hphnf3 with the other class I sequences, as well as the non-monophyly of class II, are also supported by maximum parsimony (analysis not shown) and sequence comparisons (Kaufmann and Kntchel, 1996) . The tree is' unmoted. Branch lengths are proportional to evolutionary distance conected for multiple substitutions with the scale denoting 0.1 amino acid substitutions per site. The numbers indicate the relative robustness of each node as assessed by bootstrap analysis (1(30 replications). Sequences analyzed and class designations (Sasaki and Hogan, 1993) are as follows. Class IV, mouse fkh-4, tkh-5; Drosophila FD4, FDS; and C. elegans Lin-31. Class III, mouse BF2, fkh-2; Drosophila FD3; C. elegans C47G2.2. 'Class II' and otherforkhead-related genes, human ILF; mouse fkh-1, MFH-I, flch-3, fkh-6, I-IFH8, BF-I, HFI-14; Xenopus XFD-2m, XFD-2; Drosophila FD1, FD2, sip-l, sip-2; C. elegans T14G12.
tree. The tree shown in Fig. 3 was constructed by the Neighbor-Joining method (Saitou and Nei, 1987) , based on the comparison of amino acid sequences of the forkhead domain region. Hphnf3 was included in the class I genes of Sasaki and Hogan (1993) , and the grouping of class I genes from the other non-class I genes was supported by the 100% bootstrap value. In addition, based on sequence comparisons (data not shown), Hphnf3 belongs to Kaufmann and K n t c h e l ' s (1996) class la.
Hphnf3 is a single copy gene
We determined the number of different sequences that corresponded to Hphnf3 in the sea urchin genome by means of genomic gel blot hybridization. The result is shown in Fig. 4 (16), early blastulae (eB), hatching blastulae (hB), mesenchymal blastulae (mB), gastrulae (G), prism embryos (Pr), and pluteus larvae (P1) were hybridized with a 32p-labeled DNA probe and the membrane was washed under high stringency conditions. Each lane was loaded with 20/.tg total RNA. The transcripts were undetectable in unfertilized eggs and in early blastulae. Transcripts of about 3.0 kb first appeared at the hatching blastula stage and accumulated maximally at the gastrula and prism embryo stages. The mRNA was barely detectable at the pluteus larva stage.
Expression of Hphnf3 during sea urchin embryogenesis is maximal at the gastrula stage
RNA gel blot hybridization of the Hphnf3 gene during embryogenesis of H. pulcherrimus revealed that Hphnf3 transcripts are abundant at the gastrula and prism stages. Hybridization was undetectable in unfertilized eggs and early embryos at the cleavage and early blastula stages (Fig. 5) . A distinct band, about 3.0 kb in length, was first detected in hatched blastulae. The transcripts accumulated to maximal extents at the gastrula and prism stages. The band was detectable at the pluteus larva stage, although it was much less intense. Although we did not examine expression of Hphnf3 in larvae of later stages or in juveniles or adults, this pattern of Hphnf3 expression resembles the transient expression of the mouse HNF-/#,, a genes in the embryo.
Hphnf3 is expressed in vegetal plate derivatives, especially in cells of the area surrounding the blastopore
Spatial localization of Hphnf3 transcripts in embryos at different developmental stages was revealed by means of whole-mount in situ hybridization (Fig. 6) . Control embryos hybridized with sense probes did not show signals above background level (Fig. 6B,D,F ,H,J,L). The first stage at which we found a distinct signal was the hatched blastula. At this stage, the vegetal pole region of the embryo is evident as a disc of tall columnar cells (Fig.  6A,B) . The hybridization signal is strongest in cells of the vegetal region (Fig. 6A) . As development proceeds, the vegetal region of the embryo becomes flat, forming the definitive vegetal plate. Intense staining is now observed in the vegetal plate of the mesenchyme blastula (Fig. 6C) .
At the early gastrula stage when the archenteron begins to invaginate the cells surrounding the blastopore stain intensely, while there is less hybridization in cells of the invaginating archenteron per se (Fig. 6E) . Neither aboral nor oral ectoderm, nor primary mesenchyme cells that have delaminated from the vegetal wall into the blastocoel, display any hybridization above background (Fig. 6A,C,E) . At the gastrula stage when the archenteron extends nearly halfway across the blastocoel and two clusters of skeletogenetic cells have formed on the oral side of the embryo, intense hybridization is observed in the cells surrounding the blastopore (Fig. 6G) . Staining is much less intense in cells of the more anterior regions of the archenteron and is undetectable in the secondary mesenchyme cells at the initial stage of their migration from the tip of the archenteron (Fig. 6G) . At the late gastrula stage, the archenteron has almost reached the wall of the most anterior part of the oral ectoderm (Fig. 6I,J) and some secondary mesenchyme cells have separated from the archenteron wall and migrated into the blastocoel. At this stage, intense hybridization is evident in the cells of the hindgut (Fig. 6I ). In addition, the midgut and foregut regions of the archenteron also showed strong staining (Fig. 61) .
At the prism stage, the difference in expression level between the non-invaginating vegetal region and the invaginated archenteron becomes less evident (Fig. 6K) . Hybridization can now be detected evenly throughout the archenteron. As development proceeds the level of transcript declines so that no staining above the background 
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level can be observed at the pluteus larva stage (data not shown).
Discussion
This study showed that the sea urchin Hemicentrotus pulcherrimus contains an orthologue (Hphnf3) of Drosophila forkhead and vertebrate HNF-3 genes. Hphnf3 is expressed at the late blastula, gastrula and prism stages, and Hphnf3 transcript is restricted to the vegetal plate of the late blastula, the blastopore of the early gastrula, and the archenteron of the late gastrula and prism embryo.
Sea urchin forkhead-related genes
Sequence comparison demonstrates that Hphnf3 is a member of the forkhead-related gene family (Fig. 2) . All members of this family share a conserved, 110 bp-long DNA binding motif, the forkhead domain. According to sequence similarities Sasaki and Hogan (1993) subdivided these genes into at least four classes. A more recent analysis by Kaufmann and Kn6chel (1996) subdivided these genes into ten distinct classes. Hphnf3 belongs to the class I subfamily of Sasaki and Hogan (1993) , and to class la of Kaufmann and Kn6chel (1996) , as does the mouse HNF-3~. A member of the forkhead-related gene family has also been isolated from another sea urchin Strongylocentrotus purpuratus (B. Livingston, pers. commun.), but this S. purpuratus homologue belongs to the class IV subfamily of Sasaki and Hogan (1993) .
Vertebrates contain multiple class I forkhead/HNF-3 genes (Kaufmann and Kn6chel, 1996) . For example, mouse has at least three class I gene, HNF-3a, fl and ), (Kaestner et al., 1994) , while Xenopus has six class I genes, HNF-3fl (= XFD-3, Xfl-1) (Ruiz i Altaba et al., 1993b) , (= XFKH2, (Bolce et al., 1993) , PintaUavis (= XFD-1) (Ruiz i Altaba and Jessel, 1992) , XFKH-1 (= XFD-I') (Dirksen and Jamrich, 1992) , XFD-3' and XFD-7 (Kaufmann and Kn6chel, 1996) . The expression patterns of these genes are not identical. In the mouse, HNF-3a" and/6' are expressed in the node, notochord, floor plate and gut in the developing embryo.
However, the timing of initiation of HNF-3,ff expression in the node precedes that of HNF-3a,. Expression of HNF-32' is different from that of HNF-3a" and,H, HNF-32" is not expressed at the early stages, but is later expressed in the hindgut (Monaghan et al., 1993) . The early expression pattern of mouse HNF-3/¢ resembles that of Xenopus Pintallavis and XFKH-1, whereas the late expression pattern of mouse HNF-3,~ resembles that of Xenopus HNF-3/¢ (Ruiz i Altaba et al., 1993b) . Therefore, the combined pattern of Xenopus Pintallavis, XFKH-1 and HNF-3/~ appears to be equivalent to that of the single mouse HNF-3/Y gene. The pattern of mouse HNF-3a" expression is almost identical to that of Xenopus HNF-3~z (Bolce et al., 1993) .
Amino acid sequences of vertebrate class I forkhead gene products are conserved not only in the forkhead domain, but also in other regions (data not shown), although the conservation in the regions other than the forkhead domain does not extend to Drosophila forkhead or sea urchin Hphnf3. This suggests that during vertebrate evolution the vertebrate genes are derived, by gene duplication, from a single ancestral gene (see also Holland et al., 1994) . The important point is that during vertebrate evolution each paralogue has evolved its own expression pattern, presumably endowing them with different developmental functions.
Although the possibility remains that other class I forkhead-related genes will be found in the genome of H. pulcherrimus, it is clear from the gel blot analysis in Fig.  4 that Hphnf3 is a single copy gene and from the phylogenetic analysis in Fig. 3 
Hphnf3 domain of expression
Although far more detailed observations are clearly required, to a first approximation the Hphnf3 expression domain coincides with that of cells fated to become archenteron. At mesenchyme blastula stage (Fig. 6C ) the labeled cells appear to coincide with the definitive vegetal plate, i.e., the descendants of the veg 2 founder cells (it is not determined whether the small micromeres express
Hphnf3 at this stage; see Cameron et al., 1987 for overall lineage of regularly developing sea urchin embryos). At the mid-gastrula stage (Fig. 6G ) a more complex pattern of Hphnf3 expression is observed. The interior of the blastopore area shown in this figure consists of veg2 descendants now engaged in archenteron formation, and at least relative to the intense expression levels seen in the cells around the blastopore, the gene appears to be silent in these veg2 archenteron derivatives. The cells that are expressing the gene intensely are probably the remaining veg2 cells that have not yet invaginated, plus the inner ring of vegl cells, which later in gastrulation will also roll in, and contribute to the hindgut and to some extent midgut as well (A. Ransick and E. Davidson, unpublished data) . To ascertain the accuracy of this interpretation of Hphnf3 expression, it will be necessary to carry out in situ hybridizations on embryos that are also bearing lineage tracers. In any case, later in development the Hphnf3 gene is clearly expressed in various regions of the fully-formed arehenteron (Fig. 6I,K) . As we noted above, the Hphnf3 is a class 1 a forkhead gene; this class also includes the vertebrate HNF-3,ff (Kaufmann and Kntehel, 1996) . The domains of expression of HNF-3,ff are the organizers of dorsal axial structures, the floor plate, the notochord, and the embryonic gut. The sea urchin embryo has no chordate dorsal axial structures nor organizers thereof, and indeed the embryo develops by a process that in major respects is entirely different from vertebrate embryogenesis, as discussed elsewhere (Davidson, 1990 (Davidson, , 1991 . A process held in common between chordate and sea urchin embryos, however, is gastrular invagination and gut formation. The simplest interpretation of the results shown here is that similar functions may be performed by Hphnf3 in gut formation in sea urchin embryos and by HNF-3/~ in gut formation in vertebrate embryos. HNF-3,ff is essential for gut formation in the mouse embryo, according to the results of a targeted deletion (Ang and Rossant, 1994; Weinstein et al., 1994) . The mutant phenotype shows that the Drosophila forkhead gene also has a fundamental function for embryonic gut formation in the Drosophila embryo 0Veigel et al., 1989) . In addition to a role in gut formation, the vertebrate HNF-3,fftranscription factor plays an essential role in the embryonic formation of dorsal axial structures in mice, according to gene knock-out experiments (Ang and Rossant, 1994; Weinstein et al., 1994) . In evolutionary terms these functions represent a set of regulatory changes, that must involve both alterations in the cis-regulatory systems that control expression offorkhead genes, and in the trans-regulatory targets of these genes. These changes were evidently among the many required for the evolutionary appearance of the developmental programs by which arise the definitive dorsal axial structures of the chordate body plan.
The embryonic role of the Brachyury orthologue of the sea urchin, HpTa, is apparently quite different from that of Hphnf3 (Fig. 7) . HpTa is expressed mainly in the founder cell population from which the secondary mesenchyme derives, though like Hphnf3, it is first activated in the vegetal plate. In vertebrates the notochord, primitively an endomesodermal derivative of essentially one cell type, requires the proper functioning of Brachyury and class I forkhead genes, while ifi echinoderms these genes are also expressed in endoderm and endomesodermal derivatives, but in different cell types. Because expression of these genes in Drosophila is also found in regions of the gut, their usage in echinoderms would appear to be primitive. It follows that assembly of the regulatory programs leading to chordate axial structures involved genes, such as the forkhead and Brachyury genes, that were utilized differently in more primitive deuterostomes. It will be most interesting to examine the expression of these genes in hemichordates that has a putative homologue of the notochord (Balser and Ruppert, 1990; Peterson, 1995) . Comparative exploration of the upstream and downstream genetic regulatory 'wiring' linking the genes encoding these transcription factors into morphogenetic programs will reveal evolutionary changes underlying the appearance of the notochord.
Experimental procedures
Biological materials
Hemicentrotus pulcherrimus was collected during the spawning season near the Ushimado Marine Laboratory, Okayama University, Okayama, Japan. Gametes were obtained, fertilized and cultured according to the standard procedures. Embryos were raised in filtered sea water at about 15°C. The embryos divided about every hour and became mesenchymal blastulae 24 h after fertilization. Gastrulae, prism embryos and pluteus larvae were observed about 35, 45 and 60 h after fertilization, respectively.
Eggs, embryos and larvae at appropriate stages were collected by low-speed centrifugation and frozen quickly in liquid nitrogen for Northern blotting. They were also fixed for in situ hybridization as whole-mount specimens.
Isolation and sequencing of cDNA clones for the sea urchin homologue of forkhead
Amino acid sequences of theforkhead domain offorkhead/HNF-3 gene products are highly conserved among mouse, Xenopus, zebrafish and Drosophila (cf. Fig. 2) . The sense-strand oligonucleotide .that corresponds to the amino acid sequence LITMAIQ and the antisense oligonucleotide that corresponds to the amino acid sequence NMFENGC were synthesized using an automated DNA synthesizer (Applied Biosystems Inc., Foster City, CA, USA). Using these oligonucleotides as primers we amplified target fragments from an H. pulcherrimus gastrula cDNA library by means of PCR. Then probing with candidate cDNA fragments random labeled with [32p]dCTP (Amersham), we screened the library at high stringency (hybridization: 6x SSPE, 0.1% SDS, Ix Denhardt's solution, 50% formamide at 42°C; washing: 2x SSC, 0.1% SDS at 65°C). Two overlapping eDNA clones were obtained and subcloned into pBluescript II SK(+). Both strands of the clones were sequenced by dideoxy chaintermination (Sanger et al., 1977) using Sequenase vet. 2.0 (USB, Cleveland, OH, USA).
DNA isolation and genomic Southern analysis
High-molecular weight H. pulcherrimus genomic DNA was digested exhaustively with BamHI, EcoRI, and HindIII and fractionated by electrophoresis. The DNA fragments, blotted onto Hybond-N+ nylon membranes (Amersham), were hybridized with [32p]dCTP-labeled DNA probes at 42°C for 18-24 h and washed under highstringency conditions. The length of the probe for both RNA and DNA gel blot hybridizations extended from nucleotide 25-1702 of the cDNA clone shown in Fig. 1. 
RNA isolation and northern hybridization
Total RNA was extracted from specimens at various stages using acid guanidinium thiocyanate-phenolchloroform (AGPC; Chomczynski and Sacchi, 1987) . Twenty micrograms of total RNAs were fractionated by electrophoresis, transferred to a Hybond-N+ nylon membrane (Amersham), then hybridized with random-primed 32p-labeled DNA probes in 6x SSPE, 0.5% SDS, 5x Denhardt's solution, 50% formamide, and 100/zg/ml salmon sperm DNA overnight at 42°C. The membranes were washed under high-stringency conditions (twice in 2x SSC, 0.1% SDS at 65°C for 15 min).
In situ hybridization
Whole-mount specimens were hybridized in situ basically as described by Ransick et al. (1993) . Briefly, embryos were fixed in 4% paraformaldehyde in 0.5 M NaCI, 0. I M MOPS (pH 7.5) on ice for overnight prior to storage in 80% ethanol at -20°C. After thorough wash with PBT (phosphate-buffered saline containing 0.1% Tween 20), the specimens were partially digested with 2 ~g/ml proteinase K (Sigma) in PBT for several minutes at 37°C and were post-fixed with 4% paraformaldehyde in PBT for 1 h at room temperature. After a 1-h prehybridization at 42°C, the specimens were hybridized with digoxigenin (DIG)-labeled antisense probes for about 16 h at 42°C. The hybridization buffer contained 50% formamide, 10% PEG#6000, 2x Denhardt's solution, 500/.tg/ml yeast RNA, 0.6 M NaCI, 5 mM EDTA, 20 mM Tris-HCl (pH 7.5) and 0.1% Tween 20. The probe was synthesized following the instructions supplied with the kit (Boehringer Mannheim DIG RNA labeling kit), and the hybridized fragments were reduced to about 2(10-500 nucleotides by alkaline hydrolysis. The probe was used at 0.1/zg/ml in the hybridization buffer.
After hybridization, the specimens were washed in lx SSC for 15 min at 65°C, three times and incubated with 5% goat serum in PBT for 30 min at room temperature, then with 1:1000 Boehringer Mannheim alkalinephosphatase-conjugated anti-DIG in PBT. Washes proceeded in PBT (10min, four times), then in alkaline phosphatase buffer (100 mM NaCI, 50 mM MgCI2, 0.1% Tween 20, 100 mM Tris-HCl, pH 9.5) before signal detection using NBT and BCIP following the supplier's instructions. The reactions were stopped in PBT after 30 min to 3 h, then the embryos were dehydrated in a graded series of ethanol solution and cleared by placing them in a 1:2 mixture (v/v) of benzyl alcohol/benzyl benzoate.
